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Among Fe-based ferromagnets, La(FexSi12x)13 compounds are the first example realizing the itinerant-
electron metamagnetic transition from the paramagnetic to the ferromagnetic state, accompanied by a marked
magnetovolume effects. The effect of pressure on the Curie temperature is one order larger than that on the
spontaneous magnetization in analogy with the results for Fe-Pt invar-type alloys. The large pressure coeffi-
cient ofTC , d ln TC /dP, is attributed to the renormalization effect caused by spin fluctuations for free energy.
The metamagnetic transition and the marked magnetovolume effects in the present compounds are related to
the characteristic 3d band structures in analogy with Fe-Pt alloys in both the ferromagnetic and paramagnetic
states.


























































It is well known that several kinds of Fe-based alloy
such as Fe-Ni and Fe-Pt, show a significantly large mag
tovolume effect.1,2 In these alloys, the temperature depe
dence of the spontaneous magnetostriction compensate
lattice expansion due to anharmonic atomic vibration aro
a certain concentration, resulting in almost zero thermal
pansion, i.e., invar effect. The origin of such a large mag
tovolume effect in these alloys was investigated during
few decades and is still discussed as one of the impor
phenomena related to itinerant-electron ferromagnetism3,4
Theoretical researches of itinerant-electron ferromagne
have been a great help in promoting fundamental und
standings of the large magnetovolume effect in the inv
type alloys.5–11 Recent first-principles calculations based
the fixed-spin moment method reveal that the large mag
tovolume effect is closely related to the degeneracy of m
than two magnetic states,5–11 which are accompanied by th
first-order phase transition. According to the calculations,
transition from the magnetic ordered to disordered stat
classified into mainly three types.11 Namely, type I is a con-
ventional second-order transition, and type II is the fir
order transition between the magnetic ordered and the d
dered state. Type III involves intermediate ordered state
evolution from the ordered state in the ground state to
disordered state. It has been pointed out that the magn
phase transition in Fe-Pt invar-type alloy lies close to type
and the first-order transition between the ferromagnetic~F!
and the paramagnetic~P! state is expected from theoretic
calculations.5–11 However, to our knowledge, no experime
tal evidence for such a transition at the Curie temperatureTC
has been observed in conventional invar-type alloys m
tioned above. A martensitic transformation in these alloy1,2
may hinder the first-order magnetic phase transition.
The magnetic first-order transition in the itinerant-electr
ferromagnets was discussed by Wohlfarth and Rhodes12 and























paramagnetic~P! to the ferromagnetic~F! state is predicted
from the Stoner model. The field-induced first-order P
transition in itinerant-electron magnets, which is the s
called itinerant-electron metamagnetic~IEM! transition, has
been investigated theoretically13–18 and experimentally19–35
by taking spin fluctuations and magnetovolume effects i
consideration. The experimental candidates of the IEM tr
sition have been limited to Co-based Laves19–26 and
pyrite27,28 compounds until recent reports on the IEM tran
tion in UCoAl,29 and MnSi under hydrostatic pressure30
Among Fe-based compounds, the IEM transition defin
above has never been observed until we found
La(FexSi12x)13 compounds,
31–35 although the following
magnetic order-order metamagnetic~MT! transitions have




37 Ce(FexAl12x)2 ~Ref. 38! and
La(FexAl12x)13 ~Refs. 39 and 40! compounds and the
ferromagnetic-ferromagnetic transition in Sc12xTixFe2 (0.5
<x<0.7) compounds.41 Very recently, the unique features o
the IEM transition observed in Co-based Laves and py
compounds, MnSi and La(FexSi12x)13 compounds are theo
retically weighed against that of the order-order MT’s.18 The
present La(FexSi12x)13 compounds with 0.84<x<0.90
show the thermal-induced first-order F-P phase transition
TC and the field-induced IEM transition aboveTC is caused
by applying magnetic field.31–35 These characteristics ar
consistent with the theoretical model of the IEM transiti
based on the Landau expansion including the influence
spin fluctuations.14–18 According to this theory, the fourth
order Landau coefficient, which is the mode-mode coupl
coefficient of spin fluctuations, becomes negative in
itinerant-electron metamagnets, resulting in a large magn
volume effect.15,16 It should be noted that the negativ
fourth-order Landau coefficient in Fe-Pt and Fe-Ni inva
type alloys is also obtained by the fixed spin mome
calculations.6,9,42,43 Therefore it is expected that the ele
tronic structures of the present compounds are very clos





















































A. FUJITA, K. FUKAMICHI, J.-T. WANG, AND Y. KAWAZOE PHYSICAL REVIEW B 68, 104431 ~2003!fects related to the first-order magnetic transition discus
on Fe-Pt alloys.5–11In the present study, the characteristics
the magnetovolume effects in the La(FexSi12x)13 com-
pounds are discussed by using the calculated band struc
and compared with those in Fe-Pt and Fe-Ni invar-type
loys.
II. EXPERIMENTS AND BAND CALCULATION
The La(FexSi12x)13 compounds were prepared by a
melting in an Ar atmosphere. To homogenize these sp
mens, the heat treatment was made in a vacuum quartz
at 1323 K for 10 days. The thermal-expansion measurem
was carried out by a three-terminal capacitance method
the linear thermal-expansion coefficient was obtained b
numerical differentiation. The high-field magnetic suscep
bility was measured with a superconducting quantum in
ference device magnetometer. The electronic heat-capa
coefficient was measured by a relaxation method.
The band calculations were carried out by means of
self-consistent full-potential linearized augmented-pla
wave method44 with the generalized gradien
approximation.45 To simulate the random distribution of Si,
23232 supercell~including 8 atoms of La, 92 of Fe, and 1
of Si! based on NaZn13 unit cell were used with the lattice
parameter of 1.1468 nm and 24 of symmetry operatio
Therefore the concentration of the calculated compound
responds to La(Fe0.885Si0.115)13. The radii of the muffin-tin
spheres were set to 0.1482 nm for La, 0.1164 nm for Fe,
0.1217 for Si, respectively. The Brillouin-zone sampling
performed using four specialk points in the irreducible Bril-
louin zone for such a large supercell. Convergences of
total energy and the charge were carefully checked throu
out the present calculations.
III. RESULTS AND DISCUSSION
Figure 1 shows the temperature dependence of the li
thermal-expansion coefficienta obtained from the experi
FIG. 1. Temperature dependence of the linear thermal-expan





















mental thermal-expansion curves for the compounds witx
50.84, 0.86, and 0.88. The Curie temperatureTC given by
the arrow increases with decreasingx.34 For x,0.84, the
transition from the ferromagnetic~F! to the paramagnetic~P!
state atTC is of the second order, whereas it becomes the fi
order for 0.84<x<0.90 and the itinerant-electron metama
netic ~IEM! transition is observed aboveTC.
31–35According
to the results for the pressure effects on magnetic prope
of x50.86 with broad transition atTC, the Curie tempera-
ture is decreased by hydrostatic pressure, and both
thermal-induced transition atTC and the IEM transition
aboveTC become sharper with increasing pressure,
35 as ex-
pected from the theoretical model based on Landau exp
sion for the magnetic free energy renormalized by s
fluctuations.17 Therefore the change in order of transitio
from the first to the second with decreasingx in the present
compounds is not extrinsic phenomena such as broade
of the first-order transition due to the concentration distrib
tion, but an intrinsic thermodynamical property of th
itinerant-electron metamagnets. The detail relations betw
the order of transition and the band structure is discusse
connection with Fig. 3. From the temperatureT and the mag-
netic fieldH dependences of magnetizationM aroundTC for
x50.84, the critical indexesb and d defined by M}(1
2T/TC)
b and M}H1/d are evaluated to be 0.27 and 5.
respectively. These values are very close tob50.25 andd
55.0 for the tricritical point,46 therefore the tricritical point
among these transitions is located aroundx50.84.
The spontaneous magnetostrictionvm(T) is expressed
by15,47
vm~T!53E am~T!dT5kCmv$M ~T!21j~T!2%, ~1!
where am(T) is the magnetic contribution of the linea
thermal-expansion coefficient atT, k andCmv are the com-
pressibility and the magnetovolume coupling, andM (T) and
j(T) are the amplitudes of local magnetic moment and s
fluctuations, respectively. For the second-order transiti
M (T) continuously decreases andj(T) gradually increases
with temperature, and therefore the temperature depend
of vm(T) shows no drastic change atTC. On the other hand
M (T) discontinuously disappears atTC because of the first-
order transition. With increasing Fe concentrationx, the dis-
continuous change of magnetization atTC takes place. Ac-
cordingly, a negative broad peak of the thermal-expans
coefficienta aroundTC for x50.84 is attributed to the spon
taneous magnetostriction. The negative peak ofa for x
50.86 becomes shaper, and eventuallyfor x50.88 shows
a divergent behavior atTC due to the first-order transition
By x-ray diffraction at low temperatures, the NaZn13-type
cubic symmetry (Fm3̄c) is confirmed below and aboveTC,
therefore the present first-order transition is unrelated to
structural phase transition and a significant change in volu
at TC is caused by the change ofM (T) given in Eq.~1!. It
should be noticed that the coefficientkCmv of 8310
23/mB
2
for x50.88 is comparable to that of 5;1031023/mB
2 for
itinerant-electron metamagnetic Lu(CoxGa12x)2 and
Y(CoxAl12x)2 compounds.
22–26 In the present compounds
on1-2
-
LARGE MAGNETOVOLUME EFFECTS AND BAND . . . PHYSICAL REVIEW B68, 104431 ~2003!TABLE I. Spontaneous magnetizationMS, the Curie temperatureTC , pressure coefficients of the spon
taneous magnetizationd ln MS/dP, and the Curie temperatured ln TC /dP, and the ratiod ln TC /d ln MS for
the La(Fe0.88Si0.12)13 ~Ref. 34!, together with those for ordered and disordered Fe78Pt22, and Fe65Ni35 alloys







MS(mB) 2.05 2.15 2.13 1.77
TC~K! 195 510 380 500
d ln MS/dP(1/GPa) 20.019 20.004 20.007 20.050
d ln TC /dP(1/GPa) 20.46 20.09 20.09 20.08











































un-the IEM transition aboveTC is also followed by a significan
volume change. The critical magnetic fieldBC of the IEM
transition linearly increases with temperature and the ph
transition atTC corresponds to the IEM transition withBC
50. Therefore the volume change by the thermal-indu
transition is due to the onset of magnetic moment in anal
with the IEM transition.
The IEM transition has been discussed by using the p
nomenological theory in terms of the Landau-Ginzburg~LG!
expansion including the renormalization effect associa
with spin fluctuations for free energy.15–17 The temperature
dependence of the magnetic state is expressed by the fo

























The parametersa, b, and c are correlated to the density o
states and its derivative around the Fermi energy. A therm
induced first-order F-P transition takes place in the range
a.0, b,0, c.0, and 5/28,ac/b2,3/16. By considering
the magnetovolume coupling energy, the significant mag
tovolume effects are expected to appear around the tricri
point of ac/b255/28. It should be emphasized that the ma
netic phase transition is of the second-order in the ra
ac/b2,5/28, but the large magnetovolume effects also
pear whenac/b2 is close to 5/28. Actually, the value ofa for
x50.84, which is very close to the tricritical point, exhibits
negative value due to a large spontaneous volume magn
striction as seen from Fig. 1. Similar model based on the















effects in Fe-Pt and Fe-Ni invar-type alloys.6,9,42,43Accord-
ing to these results, the magnetic state is also close to
tricritical point.42 Furthermore, a thermal induced first-ord
transition from the F state with a large volume to the P st
with a small volume is derived from the fixed-spin-mome
~FSM! band calculation for an ordered Fe3Pt invar-type
alloy.42 Unfortunately, the first-order transition is depress
by a martensitic transformation1,2 and hence there are n
experimental reports on the first-order magnetic phase t
sition at TC for Fe-Pt alloys. It should be noted that th
recent FSM band calculation for disordered Fe75Pt25 invar-
type alloy also indicates a similar energy barrier between
F and the P states.43 On the other hand, the calculated pha
transition for Fe-Ni invar-type alloys is the second order d
to an unclear energy barrier in the magnetic free energy6,42
Accordingly, it is expected that the feature of the magne
volume effect in the La(FexSi12x)13 compounds is similar to
that of Fe-Pt rather than that of Fe-Ni invar-type alloys.
One of the most important features of the magnetovolu
effects related to the IEM transition is that the pressure
pendence of the Curie temperatureTC is significant, com-
pared with that of the spontaneous magnetic mom
MS.
14,17To compare the pressure effects of the present c
pounds and those of invar-type alloys, the values ofMS, TC,
pressure coefficients ofMS andTC and the ratio of pressure
coefficient of TC to that of MS for the La(Fe0.88Si0.12)13
compound,34 ordered and disordered Fe78Pt22, and Fe65Ni35
invar-type alloys48,49 are listed in Table I. As shown in Tabl
I, for both the ordered and disordered Fe78Pt22 invar-type
alloys, d ln TC/dP is one order larger in magnitude tha
d ln MS/dP, while both the pressure coefficients are t
same order for Fe65Ni35 invar-type alloy. Accordingly, the
ratio of the pressure coefficient ofTC to that of MS,
d ln TC/d ln MS, for ordered and disordered Fe72Pt28 invar-
type alloys is one order larger than that for Fe65Ni35 alloy. It
should be noted that the ratio of the La(Fe0.88Si0.12)13 com-
pound is almost the same as that for ordered Fe72Pt28 alloy as
seen from the last line in the table, although the former
hibits the first-order and the latter the second-order ph
transition. The effect of pressure onMS is mainly attributed




































A. FUJITA, K. FUKAMICHI, J.-T. WANG, AND Y. KAWAZOE PHYSICAL REVIEW B 68, 104431 ~2003!der applied pressure.2 On the other hand, the Curie temper
ture strongly depends on the temperature dependence o
magnetic free energy due to the renormalization effect
spin fluctuations given by Eq.~2!.6,15,42Therefore the effect
of pressure on also involves the influence of spin fluct
tions.
By adding the elastic energy,v(T)2/2 k, for the volume
change, v(T), and the magnetovolume energy
v(T)Cmv$M (T)








For the first-order F-P transition, the Curie temperatureTC is
obtained from Eqs.~3! and ~4! under the condition that the
energy level in the F state is the same as that in the P s
For the second-order transition, on the other hand,TC is de-
termined as the temperature wheredH/dM50.15,16 Equa-
tions ~3! and ~4! describe that the renormalization effect r
lated to spin fluctuations for free energy indicates
pressure dependence through the magnetovolume e
Namely, the spontaneous volume magnetostriction discu
in Eq. ~1! reduces the variation of the free energy by t
renormalization effect of spin fluctuations. On the oth
hand, the decrease of volume by hydrostatic pressure
hances the renormalization effect, resulting in the decreas
the Curie temperature. Therefore the significant differe
between the magnitude ofd ln Ms/dP and d ln TC/dP im-
plies a strong contribution from the renormalization effect
spin fluctuations, and the influence of spin fluctuations on
magnetovolume effects in the present compound is simila
that in the order and disorder Fe-Pt invar-type alloys, thou
the direct comparison of the renormalization effect is di
cult because of the dependence ofj(T) on the microscopic
parameters such as a cutoff wave vector of spin fluctuatio

















Next, the 3d band calculation has been applied to exa
ine the relation between the magnetovolume effect and
metamagnetic transition.5–10 The projected density of stat
~DOS! curves in the F state is presented in Fig. 2. The ene
scale is shifted so as to the Fermi levelEF50. The La5d and
Fe3d bands are well hybridized, but the main part of t
partial DOS of the La5d is still recognized around14 eV.
The main part of the 3d DOS in the majority spin band is
located belowEF . Furthermore,EF lies just at the dip be-
tween maxima around12.0 eV and around21.8 eV in the
minority spin band. It should be noticed that a similar d
structure of DOS aroundEF located between large maxim
for Fe-Pt system is connected with the smalld ln MS/dP.
7
In order to confirm the low density of states at the Fer
level, r(EF), the coefficient of the electronic specific-he
coefficient g and the high-field magnetic susceptibilityxhf
have been investigated. The values ofg and xhf for the
La(Fe0.88Si0.12)13 together with those for ordered and diso
dered Fe78Pt22, and Ni65Fe35 invar-type alloys
50–52 are pre-
sented in Table II. As seen in Fig. 2,EF of the
La(Fe0.885Si0.115)13 is located well above the 3d majority
spin band. According to the first-principles band calculatio
EF of ordered Fe3Ni and disordered Fe75Ni25 alloys crosses
the upper part of majority spin 3d band,3,9 while those of
ordered Fe3Pt and disordered Fe75Pt25 alloys are situated the
upper edge.7,53 In Table II, the value ofg proportional to
r(EF) in the free-electron model exhibits the difference
magnitude, consistent with the calculated results ofr(EF)
regardless of the difference in composition and atomic or
between the calculations and the experiments for Fe-Pt













2S 1r1~EF! 1 1r2~EF! 2I D
21
,
TABLE II. Electronic specific-heat coefficientg and high-field
magnetic susceptibilityxhf of the La(Fe0.88Si0.12)13, together with
those of ordered and disordered Fe78Pt22 and Fe65Ni35 alloys ~Refs.
50–52!.
La(FexSi12x)13 Fe78Pt22 Fe78Pt22 Fe65Ni35
~ordered! ~disordered!
g (mJ/mol K2) 7.5 9.5a 7.5a 11.3b
xhf (10
















































LARGE MAGNETOVOLUME EFFECTS AND BAND . . . PHYSICAL REVIEW B68, 104431 ~2003!whereI is the effective exchange integral. The subscripts1
and 2 of r indicate the majority and the minority spi
bands, respectively. Although this relation is not so straig
forward asg, the value ofr1(EF) is a leading term for
strong ferromagnets in which the majority spin band is s
ated belowEF . Accordingly,xhf of the strong ferromagnetic
La(Fe0.88Si0.12)13 compound and the ordered and disorde
Fe78Pt22 invar-type alloys is smaller than that of the we
ferromagnetic Fe65Ni35 invar-type alloy.
From the results of the fixed-spin-moment band calcu
tions, it has been pointed out that the feature of paramagn
DOS is also important to discuss the large volume effec
Fe-Pt and Fe-Ni invar-type alloys.7,9 Figure 3 shows the
DOS curve for the paramagnetic La(Fe0.885Si0.115)13 com-
pound. The general feature of the 3d DOS is relatively simi-
lar to that of fcc Fe, ordered Fe3Pt, and Fe3Ni,
7,9,55 though
the bandwidth is different from one another. Especially
high DOS in the upper part of the 3d band close to the Ferm
level is considered as one of the triggers of the magn
instability in Fe-Pt and Fe-Ni invar-type alloys.7,9 Further-
more, it has been pointed out that the peak of DOS
aboveEF , which goes down belowEF by the exchange split
ting in the F state, is the origin of the energy barrier betwe
the P and the F states.9 It should be noticed that the peak o
DOS just aboveEF is consistent with the negative sign of th
mode-mode coupling coefficient among spin fluctuations d
cussed in connection withd ln TC/dP. Namely, the mode-
mode coupling coefficientb in Eq. ~2! is related to the 3d
band structure as follows:56
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The peak of the DOS just aboveEF tends to make the sign
of b negative.56 Therefore it is concluded these features f
the large magnetovolume effects and the first-order magn
phase transition are confirmed in the band structures of
La(Fe0.885Si0.115)13, though a quantitative uncertainty of th
peak height of the calculated DOS is involved due to a la
number of atoms in the formula unit cell.
IV. CONCLUSION
In order to discuss the correlation between the itinera
electron metamagnetic~IEM! transition and the large mag
netovolume effects in the La(FexSi12x)13 compounds, calcu-
lated 3d band structures of the La(Fe0.885Si0.115)13 compound
in the ferromagnetic and the paramagnetic states are c
pared with those of Fe-Pt and Fe-Ni invar-type alloys.
significant magnetovolume effect is observed
La(FexSi12x)13 not only in the rangex>0.84 at the first-
order ferromagnetic-paramagnetic transition atTC, but also
in the rangex,0.84, where the transition atTC is of the
second order. A large pressure dependence of the Curie
peratureTC compared to that of the spontaneous magnet
tion MS is observed inx50.88, which is similar to the mag
netovolume effects in the Fe78Pt22 invar-type alloy. The band
calculations reveal that the La(Fe0.88Si0.12)13 compound is in
a strong ferromagnetic state, consistent with the experim
tal results of the electronic specific-heat coefficientg and the
high-field magnetic susceptibilityxhf . Furthermore, the fea
ture of majority spin band in the ferromagnetic state is sim
lar to that of ordered and disordered Fe-Pt invar-type allo
and the feature of the 3d band in the paramagnetic state
close to the condition for the inducement of magnetic ins
bility, accompanied by the first-order magnetic transition.
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